Data from steady-state kinetic analysis of yeast K+-activated aldehyde dehydrogenase are consistent with a ternary complex mechanism. Evidence from alternative substrate analysis and product-inhibition studies supports an ordered sequence ofsubstrate binding in which NAD+ is the leading substrate. A preincubation requirement for NAD+ for maximum activity is also consistent with the importance of a binary enzyme-NAD+ complex. Dissociation constant for enzyme-NAD+ complex determined kinetically is in reasonable agreement with that determined by direct binding. The order of substrate addition proposed here differs from that proposed for a yeast aldehyde dehydrogenase previously reported. Different methods of purification produced an enzyme that showed similar kinetic characteristics to those reported here.
K+-activated aldehyde dehydrogenase from Saccharomyces cerevisiae [aldehyde-NAD(P)+ oxidoreductase; EC 1.2.1.5] catalyses the oxidation of a broad range of aliphatic, aromatic and heterocyclic aldehydes to their corresponding carboxylic acids (Black, 1951 ;  Steinman & Jakoby, 1968) . Both NAD+ and NADP+ serve as electron acceptors. The reaction is dependent on the presence of a thiol and a univalent cation activator, K+ being the most effective cation. The reaction is essentially irreversible (AG`' =-52.3 kJ/mol). Enzyme stability is dependent on the presence of high concentrations of activating univalent cation (Sorger & Evans, 1966) and polyhydric alcohol (Steinman & Jakoby, 1967; Clark & Jakoby, 1970; Bradbury & Jakoby, 1972) . The dependence of stability on K+ has been interpreted in terms of a univalent-cation-induced conformation change (Springham & Betts, 1973; Springham, 1974) , whereas polyhydric alcohol apparently exerts its stabilizing effect by binding in close proximity to the active site(s) of aldehyde dehydrogenase (Bradbury & Jakoby, 1972) .
Previous kinetic and equilibrium-dialysis studies with an aldehyde dehydrogenase from yeast designated 'dehydrogenase A' (Bradbury & Jakoby, 1971a,b) have provided evidence for a ternary complex in the catalytic mechanism in which coenzyme binds only after aldehyde in a sequential order. A kinetic mechanism for a nicotinamide nucleotide-linked oxidoreductase in which coenzyme does not form a kinetically significant binary complex with enzyme is unusual (Sund, 1970; Dalziel, 1975) . In the preceding paper (Bostian & Betts, 1978) , however, we reported a rapid affinity-chromatographic purification procedure for yeast aldehyde dehydrogenase which yields an enzyme that does bind NAD+ in the absence of aldehyde. Other small differences in primary structure suggest that preparations of aldehyde dehydrogenase A might have undergone proteolytic modification during purification which could have altered its kinetic properties (Steinman & Jakoby, 1967; Clark & Jakoby, 1970; Bradbury & Jakoby, 1971a,b) .
This work was undertaken to ascertain whether the binary complex between enzyme and NAD+ established by direct binding studies has any significance in the kinetic mechanism. The present results indicate an ordered sequential mechanism where NAD(P)+ is the first substrate bound and the carboxylic product dissociates last.
Materials and Methods
Aldehyde dehydrogenase was prepared from N.G. & S.F. yeast (British Fermentation Products, London E.C.2, U.K.) by the rapid affinity-chromatographic procedure described in the preceding paper (Bostian & Betts, 1978) . Enzyme samples (1.5 or 2ml) were equilibrated for use in appropriate buffers by passage through columns (1.25cm x 6.8cm or 1.25cm x 9cm) of Sephadex G-25 at 4°C. Chromatography times were approx. 4 or 8 min respectively. Except for stability studies, the enzyme sample was stored on ice and used immediately after chromatography. All assays in a given run were complete within 2min.
Enzyme activity was measured at 25°C by following the rate of reduction of NAD+ by observing either the increase in A340 in a Pye-Unicam SP. 1800 spectrophotometer, or for experiments involving benzaldehyde as substrate, by monitoring NADH production fluorimetrically in a double monochromator spectrofluorimeter. The standard spectrophotometric assay described in detail elsewhere (Bostian et al., 1975; Bostian & Betts, 1978) Aldehyde dehydrogenase concentration was determined by enzyme activity calculated from a specific activity of 34 units/mg under standard assay conditions (Bostian et al., 1975; Bostian & Betts, 1978) ; 1 enzyme unit transforms 1,umol of substrate/min. The molarity of enzyme active sites was based on four active sites per molecule of mol.wt. 248000 (Bostian & Betts, 1978) . K+ (Bostian & Betts, 1978 (1957) . Data are presented in Table 1 .
Initial-rate studies were also performed by varying one of the substrates or the activating univalent cation at a high constant concentration of the non- (Alberty, 1953; Dalziel, 1957) and isotope exchange (Cleland, 1967) (Bradbury & Jakoby, 1971a) . This is inconsistent with a mechanism for dehydrogenase A where NAD+ binds to free enzyme.
In addition to the inequality of the kinetic con- (Bradbury & Jakoby, 1971a) . These patterns are consistent with NADH behaving as a dead-end inhibitor in a sequential ordered mechanism where NAD+ is the second substrate bound.
Stability studies Fig. 6 shows homogeneous enzyme stability at various ethanediol concentrations at high and constant KCI and NAD+ concentration. A 10min incubation immediately before assay in which ethanediol was adjusted to 24% (v/v) resulted in no appreciable alteration in the initial velocity. The data confirm the requirement for polyhydric alcohol for stability (Steinman & Jakoby, 1967; Clark & Jakoby, 1970; Bradbury & Jakoby, 1972) even in the presence of K+ and NAD+. Decay of enzyme activity is a first-order process; without ethanediol but with 0.1 M-KCI and 5 mM-NAD+ the constant is 0.00029s-1. Identical experiments with glycerol as the stabilizing alcohol showed that higher concentrations of glycerol are necessary to achieve equivalent enzyme stability.
In addition to its stabilizing effect, polyhydric alcohol alters Km values for both substrates and K+ (Table 4) , and decreases enzyme activity (Fig. 7) . In a standard reaction mixture supplemented with 22.5 % (v/v) glycerol or 25.5 % (v/v) ethanediol, 50 % inhibition of enzyme activity was observed. Fig. 8 Fig. 9 were observed for all concentrations of NAD+, including zero.
The rate of recovery of homogeneous enzyme after prolonged incubation in the absence of NAD+, but under otherwise saturating conditions for enzyme stability was measured after re-introduction of 5mM-NAD+. The data in the insert to Fig. 9 have a rate constant of 0.005 s-. 1978
In similar experiments to those in Fig. 9 (Bostian & Betts, 1978) in the presence of high concentrations of NAD+.
Discussion
Data from initial-rate studies of yeast aldehyde dehydrogenase with varied substrate and coenzyme fit eqn. (1), and confirm the participation of a ternary complex in the overall catalytic mechanism. Evidence for a sequential ordered mechanism where NAD+ is the leading substrate was established by alternativesubstrate analysis and product inhibition. This is consistent with the demonstrated binding of NAD+ to free enzyme (Bostian & Betts, 1978) . It differs, however, from the proposed mechanism for dehydrogenase A, which has aldehyde as an obligatory leading substrate (Bradbury & Jakoby, 1971a,b) . In our hands, several attempts to prepare dehydrogenase A by the method of Clark & Jakoby (1970) yielded enzyme displaying non-competitive inhibition by NADH with respect to aldehyde, and thus consistent with enzyme reported here and different from data for dehydrogenase A.
Comparison of kinetic coefficients obtained from initial-rate studies with varied coenzyme and aldehyde concentrations show, with enzyme prepared by us, that glycolaldehyde and benzaldehyde give the same values of OAB/Abenzaldehyde or bAB/bglycolaldehyde when either NAD+ or NADP+ was used. In contrast, the OAB/baldehyde values for aldehyde dehydrogenase A (Bradbury & Jakoby, 1971a) differ by 60-fold for glycolaldehyde and benzaldehyde.
Values of OAB/ONAD+ and OAB/ONADP+ for benzaldehyde were not significantly different, although for glycolaldehyde these differed by 1.6-fold. qAB/ #aldehyde or OAB/ONAD(P)+ values in the present studies did not vary by more than a factor of 1.6 with all aldehydes investigated or with either nicotinamide nucleotide. Values of OAB/Oaldehyde, the dissociation constant for E-NAD+ and E-NADP+ complexes with yeast aldehyde dehydrogenase were similar at about 100juM. This is in reasonable agreement with values for NAD+ in liver alcohol dehydrogenase with either primary or secondary alcohols (Dalziel, 1975) and is 2-, 3-and 4-fold less than bovine heart lactate dehydrogenase, yeast alcohol dehydrogenase and bovine heart cytoplasmic malate dehydrogenase respectively. The dissociation constant for NAD+ reported here is five times greater than for horse liver aldehyde dehydrogenase (Takio et al., 1974) .
The original observation by Black (1951) that the enzyme is one-tenth as active with NADP+ as NAD+ is thus not verified by these findings, maximal velocity differing by a factor less than two with either glycolaldehyde or benzaldehyde. The q$0 Values with glycolaldehyde were similar to those with acetalde-hyde and one-quarter of that with acetaldehyde reduction by liver alcohol dehydrogenase at optimal pH. Maximum turnover numbers (1/q) for dehydrogenases in general are greater than those reported here.
By analogy with the work of Dalziel & Dickinson (Dalziel & Dickinson, 1966; Cleland, 1967) on primary alcohol oxidation by horse liver alcohol dehydrogenase, the nearly identical maximum velocities for any of these three aldehydes, even though Michaelis constants vary by as much as 10-fold, might indicate that the rate-limiting step is the breakdown of E-product binary complex. The 60-fold difference in maximum velocity for benzaldehyde and glyceraldehyde with aldehyde dehydrogenase A indicates that there is not a single ratelimiting step in this mechanism.
All three aldehyde substrates used for initialvelocity studies show inhibition at high concentration. For Inhibition by aldehyde substrate is a common property of most aldehyde dehydrogenases thus far examined (Jakoby, 1963) and has been ascribed to hemiacetal formation with an -SH group important in catalysis (Nirenberg & Jakoby, 1960; Jakoby, 1963) . If, in polyhydric alcohol, these readily reactive essential thiol groups are said to be buried (Bradbury & Jakoby, 1972) , then one would expect a decrease in the observed inhibition as polyhydric alcohol concentration is increased. This is, in fact, not observed. With aldehyde dehydrogenase a 2-3-fold decrease in Km for acetaldehyde caused by supplementing reaction mixture to 25 % (v/v) glycerol is accompanied by similar decreases in acetaldehyde concentration necessary for inhibition (K. A. Bostian & G. F. Betts, unpublished work) . That in one instance for aldehyde dehydrogenase (Jakoby & Scott, 1959) (Boyer et al., 1963; Sund, 1970; Boyer, 1975) . In all cases enzyme has been shown to form binary complexes. With glutamate dehydrogenase for example, stabilization by nicotinamide nucleotides involves aggregational as well as conformational changes in the enzyme molecule (Eisenkraft & Veeger, 1970) . Evidence for very similar preincubation requirements has also been shown for two other aldehyde dehydrogenases, aldehyde dehydrogenase from Pseudomonas (Jakoby, 1958) , and malonic semialdehyde oxidative decarboxylase (Yamada & Jakoby, 1960) . Enzyme conformation change on coenzyme binding has been implicated in lactate dehydrogenase, alcohol dehydrogenase and glyceraldehyde 3-phosphate de- hydrogenase (Boyer, 1975) .
Although binary complex between enzyme and NAD+ is implied by the aldehyde dehydrogenase stability data, it is conceivable that ubiquitous contamination by endogenous aldehydes (Bradbury & Jakoby, 1971a; Bostian & Betts, 1978) might provide a binary E-aldehyde complex with which NAD+ can combine. However, during incubation of enzyme with saturating concentrations of NAD+, enzymically oxidizable aldehydes would be removed leaving only non-oxidizable aldehydes. These are present at much less than saturating concentrations (Steinman & Jakoby, 1968; Bostian & Betts, 1978) . Initial stability would be expected to decrease to that approaching the situation where NAD+ is absent. This, however, is not experimentally observed. Moreover, equilibrium dialysis shows NAD+ binding even when such metabolizable aldehydes have long since disappeared (Bostian & Betts, 1978) . (Bostian & Betts, 1978) . Values for dissociation constants from the two types of dialysis binding studies were 120 and 68gM respectively for each of four binding sites per enzyme molecule. Bradbury & Jakoby (1971b) Weiner (1969) used a paramagnetic NAD+ analogue to show that 8mol of NAD+ bind per dimer, although there are only two active sites. Weiner et al. (1974) suggested that there may be fewer than four active sites in tetrameric horse liver aldehyde dehydrogenase. This suggestion was prompted in part by analogy with the data of Bradbury & Jakoby (1971b) (Bernhard et al., 1970) . In contrast with the proposed mechanism of half-ofsites reactivity for alcohol dehydrogenase (Bernhard et al., 1970) , it is possible that a similar negative co-operativity with aldehyde.dehydrogenase A is not operative with the enzyme preparation reported here. Alternatively only two of the four NAD+-binding sites in enzyme prepared by us may be active in the catalytic oxidation of aldehydes. A possible role for the remaining bound NAD+ could be to influence activity by inducing an enzyme-conformation change. This would be consistent with the failure of Jakoby and co-workers (Clark & Jakoby, 1970; Bradbury & Jakoby, 1971b) Betts, unpublished results) . These reveal a high degree of asymmetry and a highly asymmetric oligomeric structure atypical of most cyclic and dihedrally arranged tetrameric protein molecules. Heterologous bonding of subunits is also supported by the appearance of dimer after sodium dodecyl sulphate dissociation (Bostian & Betts, 1978 
